Abstract During grid fault, transmission lines reach its thermal limit and lose its capability to transfer. If this fault current enters generator terminals, it will lead to dip in stator voltage and consequently produces torque and real power oscillations. This further affects in the form of internal heat in rotor windings and finally damages the generator. A new control strategy is proposed to limit fault current using dual STATCOM, which will damp power oscillations and mitigate the voltage dip due to a severe symmetrical fault. It is achieved by diverting the fault current to the capacitor using the dual-STATCOM controller. It is best suitable to maintain power system stability with uninterrupted power supply, effective power transfer capability and rapid reactive power support and to damp inter-area oscillations. The effectiveness of SG and DFIG due to the transmission line short circuit symmetrical fault was studied. 
Introduction
It is important to ensure proper steps in maintaining power system security while enhancing transfer capability and reliability. To achieve it, advanced FACTS technology is promising; however, it is very cost-effective alternative. Among FACTS family SVC, STATCOM and UPFC are found satisfactory for improving power system stability when a severe disturbance occurs in a system [1] . These authors [2] [3] [4] [5] [6] considered UPFC as a better device to damp oscillations due to disturbances such as external faults. As UPFC has both series and shunt control devices, it can control both voltage and the current and further can control independently real and reactive power of the system. Among shunt connected devices, Static compensator (STATCOM) is capable of regulating voltage, controlling reactive power and damping oscillations in the synchronous generator during symmetrical fault conditions [7] [8] [9] . In the series FACTS family, thyristor controlled series capacitor (TCSC) and static synchronous series compensator (SSSC) can damp inter-area oscillations [10] , but removing from the system because of any reason makes the work complicated and also continuity of supply disturbs.
DFIG is said to be in synchronism even if the voltage drop near the grid decreases to zero and must regain its pre-fault state within the specified time described by their country grid codes as described in [11] . The DFIG is operated with different FACTS devices [12] [13] [14] [15] [16] [17] [18] [19] to improve the grid restoring time and voltage mitigation, with HVDC-STATCOM for fault current limiting [12, 13] , comparison of TCSC, UPFC, SVC and STATCOM for controlling rotor speeds [14] , a series compensating device to damp oscillations using Eigen analysis [15] , interface neuro-controller using dynamic programming for STATCOM [16] , STATCOM to compensate rotor current and voltage compensation in a real-time environment [17] , using DVR for symmetrical and asymmetrical grid fault compensation [18] , damping control for an offshore and marine current wind farm using STATCOM [19] .
Among FACTS family STATCOM plays a major role in damping power system oscillations. If two STATCOMs are used and connected to a common coupling point in two lines or in a single line, it can be called as dual STATCOM. The major advantage of this is that separate series compensator equipment or pulse generating control circuit is not necessary. If the system is symmetric, same control strategy with different reference parameters can be adopted to the pulse generator of the two STATCOMs. For SSSC, three single phase transformers are required, which require more space than single three phase transformer, also does cost incurred for this can be reduced. The dual STATCOM can be connected to the circuit by stepping down voltage by using a step-down two winding transformer connected in shunt or using three winding transformer, Fig. 1 . A common capacitor that can be shared by the two STATCOMs is another advantage. The common capacitance value can be made constant and transformer MVA rating can be made half for dual STATCOM for the effective damping of oscillation than single STATCOM. Therefore, it is found advantageous than single STATCOM or UPFC of the same rating.
DFIG is a variable speed constant frequency induction generator, whose rotor is driven using a wind turbine. It is more advantageous than a squirrel cage induction generator or a permanent magnet generator in terms of lower converter rating, efficient fault ride through capability, much power rating availability in the market, robust in design, four quadrant reactive power control. Hence, DFIG is preferred in this analysis.
In this paper, Kundur's two area system [20] is modified to have two synchronous generators (SG) in area-1 and two synchronous generators and a Doubly-Fed Induction Generator (DFIG) in area-2 and basic equations are taken from [21, 22] . There are two parallel paths available in the midpoint of the system where two static compensators (STATCOMs) are connected in each line to a common capacitor bank and the set-up is called as dual-STATCOM. It has advantages as series pulse controller is not required and the same control circuit strategy with different voltage and current references from node buses is adopted to give pulses to the STATCOMs. The aim of this design of shunt controller is to act as a low impedance path for the short circuit current during fault condition, to divert the surge currents to VSC. If a symmetrical fault occurs in one of the lines in the dual path with fault resistance of 1 milliohm between phases and ground, the system behaviour is studied.
The configuration of the tested system
The one line diagram of an equivalent power system used in this study is given in Fig. 1 . This system consists of four generators of equal rating. The system is divided into two areas: Each synchronous generator, rated at 200MVA, 13.8 kV and a stepup transformer with 210MVA, 13. The first STATCOM is connected to the upper line and other STATCOM to the bottom line of the dual network. The ends of the two STATCOM terminals are connected to a common DC link capacitor and will share common voltage. The transmission line impedances Z 1 , Z 2 and Z 3 and generator and load parameters and details of overall system parameters are given in the Appendix. For improving machine stability and for voltage regulation 5th order PSS and AVR are used. From the study of load flow analysis, the power flows from Area 1 to Area 2. If a fault occurs in a dual line network, circuit breakers at both ends must close simultaneously. Otherwise, the fault current may reach the other parallel line and will disturb the healthy system. Hence protection of the dual network with dual STATCOM is necessary. The Voltage Source Converter (VSC1) will inject current at a phase angle to compensate the voltage sag and swell between the buses 3 and 14, while VSC2 will inject between the buses 4 and 14 as shown in Fig. 1 . These two VSCs will share a common DC link and will be having the same control circuit, but different voltage and current settings. Figure 1 Modified Kundur four machine two area system with DUAL-STATCOM.
Mathematical modelling of the system
Dynamic equations of the Fig. 2 are described below. In Fig. 2 The d i is load angle and x i is angular frequency of the generator and x t is an angular frequency of STATCOM connected at the terminal ''t". The generator equations can be represented as [16, 22] .
Synchronous generator modelling
For active power oscillations damping,
Here x o is fundamental angular frequency which is equal to 2pf, where f is frequency of the generator.
The above equation is very commonly used to explain the state of system for synchronous generator. For machine to reach equilibrium dx l dt should be equal to zero. It is achieved when turbine power P turbine ¼ reference power P ref and
where x l is measured from AC lines using Phase Locked Loop (PLL) WITH x s as synchronous angular speed.
The load angle equations for synchronous generator in terms of angular speed are
where d i is the load angle of generator i, w i and w t are angular speed of generator i and STATCOM at terminal t. The generator angular speed in terms of toque, voltage and reactance is
w s is the synchronous speed of generator, and H i is the moment of inertia. E, I and X are voltage, current and reactance in two quadrant system. d i is 1st order differentiation. The first order differential voltage equations are given from (4)- (8) .
In equilibrium state, the voltage equations can be represented as
It is to be noted that suffix ''i" refers to sending end parameter value and ''t" for coupling point of STATCOM. Here a is the voltage angle between STATCOM and terminal point t. h i is voltage angle at terminal t. Two Eqs. (9) and (10), hold good only during steady state conditions and in transient state, they are not equal to zero.
Dual-STATCOM modelling
The single line diagram of dual STATCOM network is shown in Fig. 1 . The dual-STATCOM DC side current (I DC ) is given by
where C DC is common DC link capacitance and V DC is DC link voltage across the capacitor. The first and second STATCOM current is given by (I ST1 and I ST2 ), V m , d m is the mid-point voltage and load angle of the transmission network with two STATCOM voltages as V ST1 and V ST2 with internal impedances Z st1 and Z st2 .
Also the two STATCOM voltages can be written as
where K 1 and K 2 are constants, m 1 and m 2 are modulation index values used from PWM technique, d 1 and d 2 are load angles of the two STATCOM units. h 1 and h 2 are impedance angles of two STATCOMs including impedance of the transformer and the filter.
ð14Þ S 1 and S 2 are total VA power of STATCOMs, I
Ã st1 and I Ã st2 are conjugate currents of the STATCOM 1 and 2. The total power output from STATCOMs can be rewritten using Eqs. (13) and (14) as Figure 2 Single line diagram of the generator-load system with STATCOM at midpoint.
Now separating the total power into real and reactive powers as
From Eq. (16), the real power can be expressed as
From Eq. (16), the reactive power can be expressed as
Also, The total AC power output from the two STATCOMs is
And the total DC power output from the two STATCOMs is
The STATCOM is treated as the current injecting device and the injected d and q-axis current by the STATCOM is given by
Based on the sign of two equations, the STATCOM is said to be injecting or receiving current. If they are positive, STAT-COM is receiving current from the terminal point else injecting. If current is absorbed by STATCOM, it acts as an inductive load, which is used to compensate voltage swell or to act as a lagging power factor load. During injecting current mode, it acts as capacitive load used to mitigate the voltage sag, or to improve the power factor towards leading.
The difference in voltage near DC link capacitance when there is change in current flow in STATCOM is given by
The power rating of STATCOM is decided by the two equations below
Eqs. (22) and (23) are simplified and written as
Modelling of the capacitor for DUAL STATCOM
Based on equations from (22)-(29),
And hence
From the figure
Assuming sending end voltage is assumed to be constant
Modelling of the capacitor for DFIG Controllers
The Rotor Side Converter (RSC) and Grid Side Converter (GSC) of DFIG are shown in Figs. 3 and 4 . The aim of GSC is to control the real and reactive control and to damp sub-natural oscillations produced during symmetrical or unsymmetrical faults. In this real (P grid ) and reactive powers (Q grid ) are calibrated from the three phase voltages and currents near the grid terminal. The generator reference powers (P * and Q * ) are compared with actual values of powers and the error is controlled using PI controller to get reference direct and quadrature axis currents (I gd * and I gq * ). These reference currents are compared with grid side converter output two axis currents (I qg and I dg ) and decoupled currents (not shown here) and controlled with PI controller to get direct and quadrature axis voltages.
These two frame voltages are converter to three phase grid synchronising voltages by using the Phase Locked Loop (PLL) which is generally called as inverse Park's transformation. Three phase reference voltages are fed to Pulse Width Modulation (PWM) to generate desired pulses to GSC converter.
The RSC is designed so as to damp power oscillations and torque oscillations by controlling the flow of current from or to the rotor of the generator. Initially, the DC link voltage across the capacitor is measured and compared with reference value. The difference in the square of error between reference and actual DC link voltage across back to back converter is controlled by using a tuned PI controller. The PI controller output is multiplied with speed of generator to get generated torque and then divided with 2 3P/ r to get reference rotor quadrature current (I qr * ). This reference current is compared with actual quadrature current of rotor and error is minimised using PI controller to get quadrature axis rotor reference voltage (V q * ).
The rotor reactive power is compared with the desired reactive power and the error between these two is compared with PI controller to get direct axis reference current (I dr * ) and the difference between this current actual direct axis current (I dr ) is controlled by PI controller to get direct axis voltage (V d * ). These two axis reference quadrature and direct axis voltages are converted to three axis voltages by using Inverse Park's transformation and rotor frequency is maintained at a slip frequency by using the relationship (T s À T r ) as rotor synchronising angle. Here T s is an angle from the grid based on Phase Locked Loop (PLL) while T r is the rotor angle measured by using the Eq. (40).
The most commonly used equations are used to derive the rotor angle (T r ). Here W gen is generator speed in per-unit, J is the moment of Inertia, T t ; T Ã g ; T g and P gen are turbine torque, reference generator torque, actual EM torque and generator output power from stator. The generator speed is given by
generator output power can be derived as
the rate of change of generator output torque is 
Mitigation of voltage dip and power system oscillations damping
The power exchange between the capacitor at back-to-back converters and stator output power is given by (36). The rate of change of stator output power is given by (37), in which, _ P gen ; P Ã gen and P gen are rate of change of power, the reference DFIG output power and actual output power.
/ sa ; I sa ; V sa and / sb ; I sb ; V sb are stator stationary axis two frame fluxes, currents and voltages, Rs is stator resistance. ''atan" refers to inverse of tan angle between the parameters.
Proposed design of control strategy for DUAL statcom
The STATCOM control strategy is shown in Fig. 5 . The controller works on the principle of PQ control theory. The reference voltage and current parameters are taken from bus 10 (refer Fig. 1 ). Using these parameters reference real and reactive powers are extracted. Using 1st order transfer function model, direct and quadrature axis currents are derived from the extracted real and reactive powers.
The instantaneous real and reactive powers can be expressed
In two dimensional frames, the above equations can be represented as
In matrix form the two equations can be written as
By substituting the values of reference voltages and powers in the Eq. (27), a first order transfer function can be obtained. This transfer function helps in extracting reference d and q axis STATCOM injecting or absorbing currents. If there is deviation in these reference currents, STATCOM will inject or absorb current to or from the system. Based on Eqs. (45) and (46), the difference in currents will be supplied to the system.
In to voltage angle at STATCOM bus and h s is phase angle produced by PLL.
If the feedback is positive, STATCOM will inject current based on Eq. (46), else will absorb the current from the system. The energy stored in DC link capacitor is used for injecting current into the system. These three phase voltages are given to a PWM pulse generator to generate pulses to the IGBT module. Thereby voltage at the reference bus can be maintained constant.
Results and discussions
The design of the test system shown in Fig. 1 contains, synchronous generators 1 and 2 (Gen1 and Gen2 represent generating stations) and DFIG in area1 and generators 3 and 4 (Gen3 and Gen4) in area2. Each generating station consists of a synchronous generator with PSS and AVR with step-up transformer, and the Thevenin equivalent impedance of transmission network is represented with series RL elements. Two STATCOMs are connected to a common DC link capacitance with three winding transformer arrangement and similar pulse generation strategy with different reference voltage and current parameters are given to the two STATCOM's.
The transmission network is represented by equivalent nominal P parameters. A symmetrical fault takes place at bus 8. The fault occurs at 0.4 s and cleared at 0.5. The control strategy for STATCOM is shown in Fig. 5 . With voltage and current parameters at bus 10, real and reactive powers are calculated. These powers are controlled independently by using transfer functions to derive direct and quadrature axis voltages as explained in Section 3.
The direct axis voltage can control real power and quadrature axis voltage will control the reactive power flow from STATCOM. Two phase voltages are converted into three phase (dq-abc) voltages and this reference voltage is fed to PWM converter to generate pulses to STATCOM. This controls the direction of current flow from STATCOM to system or vice versa based on the difference in voltage magnitude at the reference point at STATCOM DC voltage. If at reference point, voltage is higher, current will flow to STATCOM and when at reference point is low, current flows from STATCOM. The voltage at reference point can be high due to Ferranti effect or sudden load throw off, lightning and voltage may decrease due to heavy loading or due to faults. The aim of STATCOM is to maintain a constant voltage magnitude at reference point and minimise inter-area oscillations and to enhance stability and reliability.
The system is analysed under three case studies viz., case-1: without STATCOM, case-2: with single STATCOM, and case-3: with dual STATCOM. For all the cases, a symmetrical fault with fault resistance of 0.001 X occurs during 0.2-0.3 s in bus 8 and the system performance is verified. For finding the efficacy of the proposed controller and circuit design, voltage and currents of Gen1 and Gen3 in area1 and area2 are compared. Also, stator voltages and output power from the generator are compared in all cases. These two STATCOMs are connected at bus 7 in area1 to compensate voltage and to mitigate oscillations in area2. The parameters of simulated model are given in the Appendix. In this analysis, base voltage is taken as 230 kV and current is 1500 A.
Case studies are as follows:
Case-1: without STATCOM
In this case, STATCOM is not connected to the system and the results for bus voltage and current and machine parameters in area1 and 2 are given in Appendix. The current is assumed to flow from area1 to area2 and severe fault occurs in area1 between buses 1 and 14. Fig. 6a (i) shows voltage and current in per-unit (pu) values for area 1, (ii) area2 without STAT-COM, and Fig. 6b shows generator parameters in area1 and area2 respectively. Initially, without fault, the voltage in both areas is 1 per-unit (pu) and current is 0.2pu in Gen1 and 0.4pu in Gen3. During fault, the voltage in area1 reaches to nearly zero value and peak-peak current reaches to 15pu, while in area2 voltage is 0.1pu and current is 17pu. Even though PSS and AVR are incorporated in the system, the system is unable to improve voltage during the transient state, but was improved only when fault is relieved.
Voltage surges are observed when fault was cleared at 0.5 s and voltages and currents got distorted and then come to steady state after a long time.
The generator behaviour during fault without STATCOM can be analysed using Fig. 6b . It can be observed that q axis components in two areas reach to 0.8pu from 1pu during fault and then start to oscillate and slowly damped out when fault was cleared. The output power from generator system which is initially 0.2pu starts to oscillate when fault occurred. The oscillations are also reaching the negative axis and imply there is to and fro current from the generator. The DFIG rotor, stator and grid currents are shown in Fig. 6c . The rotor speed increases from 1.2 to 1.23pu, so the rotor slip frequency changed and grid and stator currents dropped to nearly zero pu. It is a very unhealthy environment which makes the system to tumble and results in blackout. Hence, there is a requirement for STATCOM or such device to compensate surge currents and oscillations occurring in the generator-turbine system for healthy working conditions, but regained to pre-fault state earlier than SG and also torque and speed oscillations are less for DFIG as in Fig. 6d . The results are in good agreement with published work [10 and 11 without DVR case].
Case-2: with single STATCOM
The system studied with single STATCOM with fault is assumed to occur in the same place and at the same time.
The system is analysed with the same waveforms as explained in case-1 and the waveforms are shown in Figs. 7a and 7b .
It can be observed from Figs. 7a (i) and (ii), the voltages and current in area2 were mitigated completely although fault occurs in area1. It can be observed that, STATCOM can mitigate the voltage dip and current surges in area1 to a certain extent. In area1, voltage decreased from 1pu to nearly 0.5pu and current rises from 0.2pu to 0.55pu. Without STATCOM, the voltage dip is 0pu and 15pu. Fig. 7b (i) for area1, the voltage in q-axis reached 0.8pu during fault and after fault oscillations were damped. But power oscillations in area1 are not damped during fault, but when fault was cleared, the system regains to its pre-fault state immediately.
When examining in area2 generator parameters as shown in Fig. 7b (ii) , it can be observed that q and d-axis voltage remains almost constant during and post-fault state and has no power oscillations. DFIG currents shown in Fig. 7c were decreased, but have very less oscillations and are more stable than SG. Fig. 7c depicts the voltage and current of STATCOM located at bus7 in area1. It can be observed that, STATCOM acts as a low impedance path during fault and absorbs high surge current produced during fault. Due to this, surge current and voltage are being observed during fault. This surge current is stored in the capacitor and reverted back the stored energy to compensate the voltage and current where it is referred.
Hence STATCOM is concluded to be very good FACTS device for voltage mitigation and damping oscillations. But the efficacy of it is more at reference values, but not at the point it is located. However it can improve the overall performance of the system. For decreasing the surge current flow through the STATCOM, if two STATCOMs are connected to the same point they will be a good alternative. The results are in good agreement with published work [7, 17] .
Case-3: with dual STATCOM
If only one STATCOM is placed, the surge current will pass through that STATCOM only. If another STATCOM is also connected in parallel but to reach current through the other line as shown in Fig. 1 , if fault occurs between buses 4 and 17, it helps in sharing the surge current and relieves the IGBT switches and transformer from the burden. Hence dual STAT-COM is designed for bypassing certain part of the surge current to each STATCOM which acts as a low impedance path for surge current. It can be observed from Fig. 8a (i) , the voltage in Gen1 in area1 decreases from 1pu to 0.903pu during fault and regains its post fault sate in less than 1 cycle. Surge currents are diminished with this dual STATCOM arrangement. This proves the effectiveness of the system compared to single STATCOM.
In Fig. 8a (ii), the voltage from Gen3 in area2 is initially 1.05pu and decreased to 1pu which is also within limits. If the receiving end is incorporated with an automatic tap changing transformer, the small dip in voltage can be compensated easily. The surge current was minimised throughout the system.
The generator parameters for Gen1 and Gen3 with the dual STATCOM arrangement are shown in Fig. 8b . The q-axis component voltages are nearly at 1pu and d-axis is at zero pu, which is as per requirement. There are few oscillations in d-axis components (Fig. 8b(i,ii) ) but can be neglected as this magnitude is very small compared to q-axis component and will not influence system performance during any state of operation. Due to fast action of STATCOM in regulating power flows, few oscillations in Gen1 are observed. These oscillations can be damped by choosing much higher rating of the transformer and capacitor bank. The voltage across DC link capacitance is shown in Fig. 8c . Under the steady state capacitor voltage is near 1pu, but during fault this voltage is utilised to mitigate the voltage sag and to damp oscillations, there is a decrease in voltage. This voltage regains after fault is recovered.
The DFIG output currents from RSC, GSC and grid are more and over same during and after fault with DUAL STAT-COM as in Fig. 8c (i) and DC link voltage, rotor speed and torque parameters as in Fig. 8c (ii) are much better than with single STATCOM or SSSC or UPFC. For the dual STAT-COM arrangement, the capacitance value is same as for single STATCOM. The transformer rating is made half than that of a single STATCOM arrangement. It is having double fold advantages than single STATCOM or UPFC. Ratings can be decreased; thereby, cost can be minimised and the inrush current can be bypassed to other STATCOM. Keeping in mind the economic aspects such as the choice of capacitors, the transformer, valves, the filters and control circuit for (VSC), single STATCOM is better for damping oscillations completely in one area and compromising to a certain extent in other area. The common DC link voltage for DUAL STAT-COM is shown in Fig. 8d , and it is having a small dip in voltage during the fault but regains after the fault is cleared.
If ratings of above apparatus increase, the second area stability can also get improved, but cost again increases. UPFC however, is very costly due to usage of three single phase transformers for a series compensating device, a high rating three phase step down transformer for shunt device and individual controller circuits, large floor area requirement to fix the setup, and technically complex operation. Hence, UPFC is not better choice considering techno-economic benefits. To fix all power system issues, decreasing the rating of equipment and quantity of components, dual STATCOM is better choice. From the economic point of view, the transformer for dual STATCOM can be half rating of single STATCOM, and sharing of common pulse is feasible. Proposed STATCOM controller does not inject harmonics into the network, simple in design and rugged in construction.
From the above discussion DUAL STATCOM can be a very good option in place of single STATCOM and is a better option for DFIG or wind energy systems in order to maintain constant voltage profile and to enhance wind turbinegenerator system stability. The DUAL STATCOM works nearly in the same principle of IPFC (Interline Power Flow Controller), but there is no need to have master and slave converters. For the present system a single pulse converter scheme was applied for both STATCOMs and found working very satisfactorily. It is also observed that at different fault locations proposed DUAL STATCOM controller performance is much better than single STATCOM.
Conclusion
If a severe three phase to ground fault occurs in the midpoint of the system, voltage in area1 and area2 will be dropped to zero or to a smaller value and the current will drastically increase. It results in large oscillations in (SG) real power if FACTS devices are not incorporated. DFIG is having faster regaining capability due to the fault than SG. It can be observed that the oscillations in real power in one area can be completely damped and in other area is partial with single STATCOM.
A system without STATCOM is having high current surges, a low voltage profile for SG during fault. For DFIG, rotor speed is increasing and torque oscillations with nearly zero current in stator and low current in rotor with frequency greater than slip frequency was observed. To certain extent STATCOM can compensate in one area and can completely compensate the fault current effect in the area 2. The dual STATCOM is designed similar to that of a single STATCOM, but transformer ratings are made half and thus keeping same capacitor value at back to back converters. It is so as to divert some parts of surge current into another STATCOM to make the system work much faster, self-protection from inrush current. It is observed that voltage mitigation is achieved and surge current is diminished in both areas. The power oscillations are damped, and SG q-axis voltage is maintained nearly at the same value before, during and after fault. From all the above, dual STATCOM is a better device than single STAT-COM. The advantages of proposed control circuit are as follows: it is very simple in design and can be applied to low tension or high tension system. There are no decoupling components in control circuit, so effect on system parameters can be minimised. 
